Widely used anthropogenic chelating agents EDTA and NTA are ubiquitous in wastewaters and natural waters. Chelating agents may enhance the mobility of heavy metals and radionuclides or increase eutrophication. Biodegradation of these chelates may reduce metal mobility, offering a remediation solution. Formation of metabolic intermediates was previously reported during the biodegradation of EDTA and NTA. These intermediates could sequester carbon and electrons, slowing the overall rate of biodegradation. We found accumulation of intermediates was minimal during normal aerobic growth of acclimated cultures on EDTA and NTA. Small levels of intermediates relative to the original amount of chelate were observed to accumulate and persist in systems where biodegradation proceeded in unbuffered systems. Among the metabolic intermediates, ethylenediaminetriacetate (ED3A) is most likely to persist if released into the environment, and can spontaneously cyclize to form the more recalcitrant 3-ketopiperazine-N,Ndiacetate (3KP).
INTRODUCTION E
THYLENEDIAMINETETRAACETATE (EDTA) and nitrilotriacetate (NTA) are two important anthropogenic chelating agents that form stable, water-soluble complexes with various metal ions, providing a method to control free-metal ion concentrations. Chelating agents are widely used in many consumer products (including detergents and food products) and industrial processes (including pulp and paper, photoprocessing, and the nuclear industry), with worldwide use in excess of 200,000 tons in 2000 (Knepper and Weil, 2001; Schmidt et al., 2004) .
Widespread use and poor biodegradability in the environment lead to accumulation of chelating agents. EDTA is among the highest concentration anthropogenic compound in European surface waters (Frimmel et al., 1989; Wolf and Gilbert, 1992; Frimmel, 1997; Sillanpaa 1997; Sillanpaa and Sihvonen 1997; Sacher et al., 1998; Bucheli-Witschel and Egli, 2001; Schmidt et al., 2004) . EDTA has also been detected in surface and groundwaters (Barber et al., 1997; Barber et al., 1999) as well as wastewaters (Alder et al., 1990) in the United States. NTA is widely detected in surface waters as well (Woodiwiss et al., 1979; Wolf and Gilbert, 1992; BucheliWitschel and Egli, 2001; Schmidt et al., 2004) .
Several potential effects of chelating agents in the environment are of concern. First, chelating agents may enhance the mobility and transport of radionuclides and heavy metals once released into the environment (Means et al., 1978 (Means et al., , 1980 Means and Alexander, 1981; Cleveland and Rees, 1981; Killey et al., 1984; Riley et al., 1992; Baik and Lee, 1994) . Second, the presence of high concentration chelating agents in wastewaters and surface waters has the potential to remobilize heavy metals out of river sediments and treated sludges (Alder et al., 1990; Fischer, 1992; Xue et al., 1995; Nowack and Baumann, 1998) . Finally, chelating agents may enhance eutrophication by stabilizing the trace nutrient Fe, by decreasing the toxicity of Cu ions, and/or by enhancing the dissolution of phosphorus-containing minerals (Sillanpaa, 1997; Nowack, 2002) .
Mineralization of EDTA and NTA by microorganisms, which can remove these chelating agents efficiently and economically, may provide the best solution for treatment and environmental remediation. Bacteria that transform EDTA and NTA have been isolated. A mixed culture isolated by Nortemann and coworkers (Nortemann, 1992; Henneken et al., 1995 Henneken et al., , 1998 Kluner et al., 1998) and identified only as the BNC1-BNC2 coculture, is known to transform EDTA at low concentrations under aerobic conditions. Witschel et al. (1995) isolated an EDTA degrader, DSM 9103, that appears to be closely related to BNC1. Other EDTA degrading organisms are known, but are limited to certain forms of EDTA (e.g., ATCC 55002 degrades only ferric EDTA; Lauff et al., 1990; Palumbo et al., 1994) , or are capable of degradation only at high concentrations (Miyazaki et al., 1997; Thomas et al., 1998) . Chelatobacter heintzii ATCC 29600 (C. heintzii) is a well-characterized organism that degrades NTA under aerobic conditions (Firestone and Tiedje, 1975; Auling et al., 1993; Bally et al., 1994) . Recent phylogenetic work has confirmed that C. heintzii shows significant homology with Aminobacter aminovorans, previously described by Kampfer et al. (2002) . Understanding the transformation reactions catalyzed by these organisms may allow their utilization in remediation. Further, as chelates are widely reported as recalcitrant (see above), a further understanding of conditions that allow the growth of these specialized organisms and promote the mineralization of these compounds is needed. The existence of these organisms suggests biomineralization is possible; however, monitoring information suggests that either it is not taking place in the environment or it is not rapid enough to remove the chelates as quickly as they are being discharged to the environment.
Although EDTA and NTA can be transformed microbially, in many systems full mineralization has not been reported. Nortemann (1992) reported significant amounts of nitrogen-containing intermediates persisted during the degradation of EDTA; however, subsequently Nortemann (1999) reported complete mineralization of EDTA. Lauff et al. (1990) and Palumbo et al. (1994) reported incomplete degradation of EDTA by Agrobacterium sp (ATCC 55002) with high residual chemical oxygen demand (COD), suggesting intermediate formation and persistence. Bolton et al. (1996) report residual dissolved organic carbon during NTA biodegradation, again suggesting intermediate formation and persistence.
Metabolic intermediate formation and subsequent utilization is common in the multistep biodegradation of recalcitrant organic compounds. These intermediates can accumulate and persist when key microbial species are absent, when environmental conditions are not favorable for subsequent degradation steps, or when degradation steps proceed at different rates (Shelly et al., 1996; Jin and England, 1997; Esteve-nunez et al., 2001) . Sometimes persistent intermediates can transform to more recalcitrant forms (Haidour and Ramos, 1996) . This poses a challenge to the goal of bioremediation-mineralization of target contaminants to inorganic carbon and nitrogen. Figure 1 shows the biodegradation pathway of EDTA by a coculture BNC1-BNC2 (Kluner et al., 1998; Payne et al., 1998; Nortemann, 1999; Bohuslavek et al., 2001; Liu et al., 2001) . BNC1 is an obligate aerobic organism, using oxygen as a terminal electron acceptor as well as a cosubstrate for the oxygenase-dependent reactions. Figure 2 shows the biodegradation pathway of NTA by A. aminovorans, which is also an obligate aerobe Tiedje, 1975, 1978; Uetz et al., 1992; Uetz and Egli, 1993; Xu et al., 1997; Bucheli-Witschel and Egli, 2001 Similarly for the degradation intermediates of EDTA, persistence of glyoxylate or glycine will have a negligible effect on environmental systems, while persistence of ED3A, EDDA, EDMA, or ED could continue to cause undesirable chelate-enhanced environmental effects despite removal of the EDTA. ED3A is a particular concern because it can spontaneously cyclize to form 3-ketopiperazine-N,N-diacetate (3KP), especially under acidic condition. This reaction is shown in Figure 3 . 3KP is resistant to biodegradation, and its environmental effects are unknown (Ternes et al., 1996) .
Thus, intermediate formation during chelate biodegradation has the potential to limit the utility of a bioremediation strategy for chelates. In this work we evaluate the potential for intermediate formation under different growth conditions for a coculture BNC1/BNC2 on EDTA and for A. aminovorans growth on NTA. We confirm ideal conditions previously reported and consider the effects of nonideal conditions (lower oxygen, lower temperature, and unbuffered pH). (Kluner et al., 1998; Payne et al., 1998; Nortemann, 1999; Bohuslavek et al., 2001; Liu et al., 2001) . Tiedje, 1975, 1978; Uetz et al., 1992; Uetz and Egli, 1993; Xu et al., 1997; Bucheli-Witschel and Egli, 2001 ).
EXPERIMENTAL PROTOCOLS

Bacterial strains
The coculture identified as BNC1-BNC2 and used in this work was a gift from Dr. Harvey Bolton, Jr, at Pacific Northwest National Laboratory, USA. He received the original culture from Dr. Bernd Nortemann. The mixed culture has not been classified or further characterized in our laboratory; however, BNC1 is believed to be closely related to DSM 9103, characterized by Weilenmann et al. (2004) as in the ␣-subclass of Proteobacteria. C. heintzii (ATCC 29600) used in this work was purchased from ATCC (Rockville, MD). Recently, Kampfer et al. (2002) reported that C. heintzii is a synonym of A. aminovorans, which was described previously.
Culture maintenance and reactor seeding
Cells of the BNC1-BNC2 coculture were cultured in Erlenmeyer flasks with the optimal EDTA mineral medium (see below) at room temperature to maintain a stock culture. Similarly, cells of A. aminovorans were cultured in Erlenmeyer flasks with the optimal NTA mineral medium (see below) at room temperature to maintain a stock culture. Periodically, a small portion of media containing cells at exponential growth phase was transferred into fresh optimal culture medium. The Erlenmeyer flasks were covered with foam plugs, enabling air exchange and preventing contamination. Erlenmeyer flasks, foam plugs, and culture media were sterilized by autoclaving. All transfers and sampling were conducted under sterile conditions. Periodically cells of A. aminovorans were plated onto NTA mineral agar plates, and cells of the BNC1-BNC2 coculture were plated onto nutrient broth EDTA mineral agar plates to check the purity of these stock cultures. For seeding the reactor, cells of the BNC1-BNC2 coculture at the exponential growth phase precultured in EDTA mineral medium in the Erlenmeyer flasks, or cells of C. heintzii at the exponential growth phase precultured in NTA mineral media, were transferred by a sterile pipette into the fresh culture media in the fermentor. The optical density of the seeding culture was around 1, and the volume of seeding culture to the fresh media was 5-10%.
Optimal growth on EDTA and NTA
Four 2-L fermentors (BioFlo 2000, New Brunswick Scientific, Edison, NJ) were used to control the growth conditions. The optimal growth conditions for the EDTA degrading organisms are: temperature 35°C, aeration flowrate 2 L/min, agitation speed 750 rpm, and pH 7.8-8.2 (Kluner, 1996; Henneken et al., 1998) . The optimal culture medium for the BNC1-BNC2 coculture on EDTA was modified from Nortemann (1992 8) . The vitamin solution was filter-sterilized with a 0.2-m membrane filter and added into the medium after autoclaving. Ca 2ϩ and Mg 2ϩ were always added in the EDTA culture medium in stoichiometric excess to avoid cell lysis caused by uncomplexed EDTA. (Wilkinson, 1970; Henneken et al., 1995) .
The optimal growth conditions for the NTA degrading organism (A. aminovorans) are: temperature 30°C, aeration flowrate 2 L/min, agitation speed 750 rpm, and pH 6.8-7.0 (Egli et al., 1988; Bally et al., 1994) . The culture medium contained (per liter): 1.66 g Na 3 иNTA, 1.6 g Na 2 HPO 4 , 0.4 g KH 2 PO 4 , 0.2 g MgSO 4 и7H 2 O, 25 mg CaCl 2 , 2.5 mg FeCl 3 и6H 2 O, 1 mL of trace element stock solution, 1 mL of vitamin solution. Trace element solution and vitamin solution were as defined above for the EDTA media.
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Suboptimal growth on EDTA and NTA
Optimal growth on EDTA and NTA requires sufficient oxygen (as substrate for the oxygenase enzymes and as a terminal electron acceptor), optimal temperature, and a stable pH (to control speciation of the chelate in a favorable form for uptake; Witschel et al., 1999; . For EDTA, optimal growth also requires the presence of sufficient metal ions to control the concentration of free EDTA, which is otherwise toxic to the cells. Thus, we considered these suboptimal conditions for EDTA and NTA biodegradation: lower oxygen (from saturation down to 0 mg/L), lower temperature (20°C), and weakly buffered growth media. We also tested growth on EDTA when its concentration was in stoichiometric excess to available metals in the system. Cells were precultured under the optimal growth conditions and then inoculated into fresh medium and cultured under suboptimal growth conditions. Only one parameter was altered while other parameters were held the same as the optimal growth conditions.
Intermediates during no-growth experiment with A. aminovorans
We repeated the experiment designed by Bolton et al. (1996) , which was one of the initial reports of significant intermediate formation in chelate biodegradation. Briefly, A. aminovorans was grown on plates containing NTA as the sole carbon source, washed from the plates, and suspended in pH 6 buffer (0.001 M piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES) and 0.01 M KNO 3 ). The initial optical density was 0.096, and remained unchanged during the experiment due to a very low initial concentration of NTA (55.6 M). Thus, this system was a no-growth system, while the others described in this work were growing during biodegradation.
Biodegradability test
OECD 301D closed bottle test procedure (Organisation for Economic Cooperation and Development, 1992) was used to evaluate the inherent biodegradability of ED3A and IDA, the first intermediates formed in the biodegradation of EDTA and NTA, respectively. We also considered a newly developed chelating agent, Hampshire Chemical's lauroyl ethylenediaminetriacetate chelating surfactants (LED3A), which is a potential replacement for EDTA. Its structure is shown in Figure 4 . The three hydrophilic acetate groups of LED3A are capable of bonding with multivalent metal ions. The other end of the molecule is lipophilic. Thus, LED3A exhibits surface activity while retaining chelating ability. This new class of chelating agents has unique properties such as corrosion inhibition, low toxicity, and minimal irritation to the body, and is expected to be widely used in a variety of applications in the future as substitutes for the conventional chelating agents such as EDTA and NTA.
The secondary effluent from a local wastewater treatment plant was used as the inoculum at the ratio of 2-mL secondary effluent per liter of mineral salt medium for the OECD 301D bottle tests. After inoculation, the mineral salt medium containing the tested compounds was incubated in closed BOD bottles and the dissolved oxygen (DO) of the solution was measured by DO probe (Orion Dissolved Oxygen/BOD Probe, Thermo Electron, Waltham, MA, USA) periodically to determine the degradation extent. Sodium acetate was used as the reference compound. All the tested materials were provided to the culture at 5 mg/L except LED3A, which was at 3 mg/L. The degradation percent was calculated by the ratio of net DO consumption (total DO consumption minus blank DO consumption) to the theoretical COD of the tested compounds.
Reagents
Na 3 иNTA was purchased from Acros Organics, Belgium. Iminodiacetic acid was from Sigma Chemicals, St. Louis, MO. Na 3 иED3A and LED3A were gifts from Hampshire Chemicals, Nashua, NH. N,NЈ-EDDA was from Tokyo Kasei Kogyo, Japan. 3KP was made by acidifying Na 3 иED3A with 1-M HCl solution according to Figure 3 . Glyoxylic acid monohydrate was from ICN Biomedicals, Germany. All other reagents were reagent grade or better and purchased from Fisher Scientific, Fairlane, NJ.
Sampling and analysis
The fermentors were stopped temporarily to allow sampling. Duplicate samples (each 7 mL) were sampled from the fermentors by a 10-mL sterile pipet through a sampling hole on the top of the fermentor vessel. Samples were taken at multiple time points to monitor cell growth, substrate consumption, and possible accumulated degradation intermediates; 0.3 mL 1-M HCl solution was added to a 3-mL sample to dissolve precipitates formed during growth on metal-chelates and after 5 min optical density (OD) was measured at 546 nm against deionized water (Spectronic 20D ϩ spectrophotometer, Milton Roy, Ivyland, PA). Another aliquot of sample was filtered by a 0.2-m syringe membrane filter for measuring the concentrations of EDTA or NTA and the possible accumulated intermediates. EDTA was measured by HPLC after complexation with Fe 3ϩ (Bergers and DeGroot, 1994) . NTA was measured by HPLC (Parkes et al., 1981) . ED3A, N,NЈ-EDDA, and 3KP were measured by normal phase HPLC after complexation with Cu 2ϩ (Yuan and VanBriesen, 2005) . IDA and glycine were measured as amino acids after derivatization with 9-fluorenylmethyl chloroformate (Yuan and VanBriesen, 2005) . ED was measured by HPLC after derivatization with 1-naphthylisothiocyanate (Yuan and VanBriesen, unpublished results). Glyoxylate was measured by spectrophotometry (Trijbels and Vogles, 1966) .
RESULTS AND DISCUSSIONS
Intermediate accumulation under optimal growth on EDTA
During optimal growth on EDTA, a very low concentration of N,NЈ-EDDA was transiently detected in the system (at less than 2 M); no other intermediates from the known pathway of EDTA degradation by BNC1 (see Fig.  1 ) were detected. The formed N,NЈ-EDDA disappeared from the solution following exhaustion of the original EDTA. Figure 5 shows degradation intermediate formation and utilization; note that the concentration of EDDA is shown in M while the concentration of EDTA is in mM. The values of duplicate samples were averaged and the difference was always within 2% for all experiments. Thus, the coculture mineralizes EDTA under the optimal growth conditions, and intermediate accumulation is minimal.
Intermediate accumulation under optimal growth on NTA
During optimal growth of A. aminovorans on NTA, a very low concentration of IDA was detected; no other intermediates from the known pathway of NTA degradation by A. aminovorans (see Fig. 2 
Intermediate accumulation under suboptimal growth on EDTA
Cells were cultured at room temperature (about 20°C) to investigate whether slower growth at lower temperature would lead to detection of intermediates that might be only transiently formed at higher temperature. Similar to optimal growth at 35°C, intermediates formation is not significant at 20°C, and increased intermediate accumulation was not observed. However, as expected, the maximum specific growth rate was lower at room temperature.
Oxygen supply to the reactor system was shut down to test the effect of oxygen on intermediate formation
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YUAN AND VANBRIESEN when cells were growing on EDTA under the optimal conditions near their maximum growth rate. Cell growth ceased after consumption of the remaining oxygen in the system. No accumulation of intermediates was observed, but EDTA persisted untransformed in the system. To study the effects of EDTA speciation, particularly the absence of Ca 2ϩ and Mg 2ϩ , on intermediate formation during biodegradation, cells were harvested during the exponential phase of growth under optimal conditions and transferred into fresh EDTA medium where the ratio of total Ca 2ϩ and Mg 2ϩ concentration to EDTA concentration was 0.3 or 0.6, respectively. Cells stopped growing immediately, and no intermediates were detected. This is consistent with the results of Henneken et al. (1995) .
To test the effects of pH on intermediate accumulation and persistence, cells were first grown under the optimal growth conditions. Then the pH was adjusted to pH 6 or pH 10 by adding HCl or NaOH solution. The cells stopped growing immediately, likely due to inhibition caused by pH shock. To more completely evaluate the effects of pH, weakly buffered systems were considered. This allowed evaluation of the response of the system to the slow rise in pH that accompanies EDTA biodegradation.
In this case, intermediate accumulation and persistence was observed. N,NЈ-EDDA, ED3A, and 3KP accumulation, and persistence was observed during growth on EDTA in weakly buffered system with no pH control. During EDTA degradation, system pH increases because NH 3 is released. The slow rise of pH in response to the mineralization of EDTA leads to a gradual inhibition. The medium used to culture the BNC1-BNC2 coculture contained: 3.66 mM EDTA, 0.03 g/L CaCl 2 , 1.0 g/L MgSO 4 и7H 2 O, 1.0 g Na 2 HPO 4 , 0.2 g/L KH 2 PO 4 , 0.5 mg/L FeCl 3 , and 1 mL trace element solution, and its final pH was adjusted to 7.92. Growth on EDTA was totally inhibited above pH 9.18. N,NЈ-EDDA, ED3A, and 3KP accumulated and persisted in the system, as shown in Figure 7 . Of particular interest, some of the formed ED3A spontaneously cyclized into 3KP, which is more recalcitrant than ED3A. The coculture can degrade ED3A but cannot degrade 3KP even under optimal conditions. Although intermediates accumulated in this experiment, the total amount was small compared to the total amount of EDTA degraded. The total concentration of intermediates was 20.7 M, and the total carbon contained in these persistent intermediates only accounted for 0.9% of the total carbon of the 1.6 mM EDTA degraded. In addition, sometimes even when cells were growing on EDTA at high pH, only a small amount of N,NЈ-EDDA (less than 2 M) was produced, and no other intermediates were detected in solution. In general, intermediate accumulation and persistence is not significant in the biodegradation of EDTA by the coculture BNC1-BNC2. Microorganisms able to degrade EDTA will likely be able to degrade the downstream intermediates and fully mineralize EDTA in the environment under optimal growth conditions. Under most suboptimal conditions considered here (low oxygen, high pH, low metal concentrations), EDTA biodegradation is completely inhibited. Under these conditions, EDTA is not removed from the system, and intermediates do not form. (about 20°C), similar to the growth at the optimal temperature (30°C). The growth of A. aminovorans on NTA stopped when oxygen supply was shut down. When the system was only buffered by weak phosphate buffer solution and pH increased with the removal of NTA, IDA accumulated at a higher rate than under the optimal growth condition (see Figure 8) . IDA reached 43 M (representing 0.5% of the total carbon from NTA biodegradation) at the time of total NTA consumption and then persisted in the system. No other biodegradation intermediates were detected in the system. The amount of persistent IDA is small compared to the total amount of NTA degraded.
Intermediate accumulation during no-growth experiments with
A. aminovorans Figure 9 shows the results of the experiment designed to replicate the work of Bolton et al. (1996) . IDA accumulated as NTA was removed, and no other intermediates were detected in the system. When IDA reached about 4 M at 6 h, it remained almost constant untill the complete degradation of NTA. This formed IDA then persisted in the system. The accumulation pattern of IDA here is quite different than that at high pH (see Fig. 8 ).
In this experiment, the ratio of formed IDA to the degraded NTA was very high in the first 6 h. For example, the IDA concentration was almost equal to the amount of NTA degraded in the first three hours, implying NTA was transformed into IDA, and this IDA persisted until all the NTA had been transformed. Cells of A. aminovorans seem able to utilize the newly formed IDA only when its concentration reached 4 M after 6 h. Based on the lack of persistence of IDA in growing systems fed much higher concentrations of NTA (see Fig. 6 ), we hypothesize that there is a threshold of IDA concentration for this system. A. aminovorans can only metabolize the formed IDA when the IDA concentration is above the threshold value. The persistence of IDA is not significant in our other experimental systems because the threshold is very low compared to the total NTA concentration. The system studied by Bolton et al. (1996) utilized a very low initial NTA concentration, and thus the persistent IDA represented a large fraction of the total carbon in the system. While our work confirmed the work of Bolton et al. (1996) , the system is not representative of conditions in the environment, and persistence of IDA is not expected to be significant in the environment.
Biodegradability of IDA, ED3A, and LED3A . IDA accumulation in a repeated experiment originally designed by Bolton et al. (1996) . Solid squares represent NTA concentration in M. Solid triangles represent IDA concentration in M.
IDA were degraded 100% after 21 days. There was negligible degradation of ED3A even by 28 days. LED3A was degraded 38% after 28 days. Compounds with degradation percent above 60% can be classified as easily biodegradable compounds. While IDA is clearly easily biodegradable, LED3A and ED3A are not, and would be expected to persist in the environment. From the structure of LED3A we hypothesize that the aliphatic chain is easily removed and biodegraded by common heterotrophic microorganisms while the remaining ED3A group will be more likely to resist biodegradation and persist in the environment. The molecular weight of the aliphatic chain group is 44% of the total molecular weight of LED3A. As seen in Figure 10 , the degradation percent was 38% for LED3A after 28 days, which suggested that the aliphatic chain was the main part accounting for the total degradation percent of LED3A. In addition to persistence, we would anticipate that some of the ED3A would be likely to cyclize into 3KP spontaneously, which is very resistant to biodegradation even by acclimated organisms known to degrade ED3A.
SUMMARY
Intermediate accumulation was minimal during the normal growth of a known EDTA-degrading coculture (BNC1-BNC2) on EDTA and a known NTA-degrading organism (A. aminovorans) on NTA. This suggests that under ideal conditions, these strains can be used for bioprocesses and bioremediation. Low temperature decreases cell growth rate but does not lead to more intermediate accumulation, suggesting use at field sites or in wastewater treatment plants in temperate zones is possible with adequate cell retention times. Low oxygen concentration completely inhibits EDTA and NTA degradation, as expected for these oxygenase-dependent biodegradation pathways. This limits the utility of these organisms for in situ bioremediation where oxygen concentrations are low or recharge with oxygenated water is expected to be slow. However, in well-aerated engineered bioreactors, biotreatment of chelates with these strains is likely to be possible. Although higher levels of intermediates were observed to accumulate and persist in the solution when weakly buffered conditions resulted in higher system pH, the amount of accumulated intermediates was small compared to the total amount of EDTA and NTA biodegraded. Further, common microorganisms in the environment are able to degrade IDA, the first downstream product of NTA degradation, suggesting persistence of chelating effects in NTA-contaminated sites where other conditions are suitable (sufficient DO) will be low. The first degradation product of EDTA biodegradation (ED3A) is NOT easily degraded by common microorganisms (as used in the OECD closed bottle test). If not removed by the same organisms that transform EDTA, ED3A is likely to persist once released into the environment, and can spontaneously cyclize to form the more recalcitrant 3KP.
The BNC1-BNC2 co-culture degrades EDTA and ED3A without release of ED3A to the environment, thus complete degradation of EDTA without the potential for formation of 3KP is likely in systems designed to transform EDTA. However, utilization of new chelating agents built on ED3A and designed for biodegradation in common wastewater treatment plants is more likely to lead to the release of ED3A in environments that do not contain acclimated EDTA-degrading organisms. Under these conditions, ED3A is likely to form and may cyclize to the more recalcitrant 3KP form.
